Two monensin-sensitive bacteria which utilized carbohydrates poorly and grew rapidly on amino acids were isolated from the bovine rumen. The short rods (strain SR) fermented arginine, serine, lysine, glutamine, and threonine rapidly (>158 nmol/mg of protein per h) and grew faster on casein digest containing short peptides than on free amino acids (0.34 versus 0.29 h-1). Gelatin hydrolysate, an amino acid source containing an abundance of long peptides, was unable to support growth or ammonia production, but there was a large increase in ammonia production if strain SR was cocultured with peptidase-producing ruminal bacteria (Bacteroides ruminicola or Streptococcus bovis). Cocultures showed no synergism with short peptides. Strain SR washed out of continuous culture (0.1 h'-) at pH 5.9. The irregularly shaped organisms (strain F) deaminated glutamine, histidine, glutamate, and serine rapidly (>137 nmol/mg of protein per min) and grew faster on free amino acids than on short peptides (0.43 versus 0.21 h-1). When strain F was provided with casein or gelatin hydrolysate and cocultured with peptidase-producing bacteria, there was a nmore than additive increase in ammonia production. Strain F grew in continuous culture (0.1 h-1) when the pH was as low as 5.3. The irregularly shaped cells and short rods were present at less than 109/ml in vivo, but they had very high specific activities of ammonia production (>310 nmol of ammonia/mg of protein per min) and could play an important role in ruminal amino acid fermentation.
In ruminant animals, much of the dietary protein can be fermented by ruminal microorganisms (23) . Ammonia resulting from protein fermentation can be used as a nitrogen source for microbial growth, but in many cases the rate of ammonia production exceeds the utilization rate (1) . Monensin is a common feed additive in beef cattle rations, and it can decrease ammonia production in vitro (28, 34) and in vivo (13, 24) . Monensin inhibits the growth of gram-positive ruminal bacteria (22, 26) and has a much smaller effect on gram-negative species (10) . However, previously isolated ruminal bacteria produced much less ammonia than did mixed cultures (15) , and the most active strains were gram negative (4, 10, 12) . These observations could not explain in vivo rates of ammonia production and monensin effects.
Recent enrichments of ruminal bacteria yielded a peptostreptococcus with a very high specific activity of ammonia production, and its sensitivity to monensin was consistent with decreases in ruminal ammonia production (30) . The peptostreptococcus was, however, able to deaminate only a few amino acids rapidly (9) . Since mixed ruminal bacteria deaminate most amino acids rapidly (14) , it seemed likely that the rumen contained other bacteria which could produce large amounts of ammonia. In this paper, we describe two additional ammonia-producing, monensin-sensitive ruminal bacteria which grow rapidly with amino acids as their sole energy source.
MATERIALS AND METHODS Enrichment and isolation. At 1.5 h after feeding, ruminal contents were obtained from a 600-kg ruminally fistulated, nonlactating dairy cow that was fed 2.5 kg of timothy hay and 2.5 kg of a commercial concentrate supplement (16% crude protein) twice daily. The ruminal contents were squeezed through eight layers of cheesecloth and left undis-* Corresponding author. turbed for 20 min. Feed particles were buoyed up by gas production, and protozoa settled to the bottom of the flask. Mixed ruminal bacteria were obtained from the center of the flask and anaerobically diluted in tubes containing (basal medium) 15 g of Trypticase (BBL Microbiology Systems, Cockeysville, Md.), 0.6 g of cysteine hydrochloride, 292 mg of K2HPO4, 292 mg of KH2PO4, 480 mg of Na2SO4, 480 mg of NaCl, 100 mg of MgSO4 .7H20, 64 mg of CaCl2 2H20, 4 g of Na2CO3 per liter, vitamins, and microminerals (11) . The tubes were incubated at 39°C for 48 h. Inocula from the 10-7 dilutions were transferred several times in basal medium. Once the optical density at 600 nm (18-mm tubes) and ammonia production had stabilized, the cultures were streaked on agar plates in an anaerobic glove box (Coy Laboratory Products, Ann Arbor, Mich.). After 4 days of incubation at 39°C, colonies of differing morphologies were isolated.
Incubation and growth. The isolates were anaerobically incubated in basal medium containing Trypticase, Casamino Acids (Difco Laboratories, Detroit, Mich.), gelatin hydrolysate (U.S. Biochemicals, Cleveland, Ohio), or purified amino acids (15 g/liter). All incubations were carried out at 39°C, and the pH was 6.7 to 7.0. Growth was monitored by measuring the optical density at 600 nm in 18-mm tubes. When the bacteria were grown in continuous culture, microminerals and vitamins were replaced by yeast extract (0.5 g/liter). The dilution rate was 0.1 h-1, and the pH was lowered by adding concentrated HCl to the medium reservoir. At least a 98% turnover of medium through the culture vessel was allowed between samplings. Bacteroides ruminicola B14 and Selenomonas ruminantium HD4 were obtained from M. P. Bryant, University of Illinois. Streptococcus bovis JB1 was isolated at the University of California, Davis (27 Amino acid samples (10 plA) were treated with 950 plI of 40 mM Na2CO3 (pH 9.5) and 500 ,ul of dansyl chloride (1.5 mg/ml in acetonitrile) and incubated for 1 h in the dark. The reaction with dansyl chloride was terminated by adding an excess of methylamine (20 ,ul (20 ,ul) were injected into 30 mM sodium phosphate buffer (pH 6.5) which passed through a C-18 reversed-phase column at 1.0 ml/min (28°C). The acetonitrile gradient was increased linearly to 55% over the next 30 min.
Ammonia was measured by the colorimetric method of Chaney and Marbach (8) . When ammonia from individual amino acids was measured, cysteine in the basal medium was replaced by 600 mg of Na2S 9H20 per liter. The average size of peptides in the protein hydrolysates was estimated from the ratio of the ninhydrin reaction after HCI hydrolysis to the ninhydrin reaction without HCI (9) . Results of these analyses indicated that Trypticase contained shorter peptides (average of 3.4 amino acids) than did gelatin hydrolysate (average of 12 amino acids).
Cells were hydrolyzed with 0.2 N NaOH at 100°C for 15 min, and cell protein was determined by the method of Lowry et al. (19) . Cell nucleic acids were extracted with hot 0.5 N perchloric acid. DNA and RNA were measured by the diphenylamine and orcinol procedures of Burton (5) and Schneider (31) , respectively. Cell carbohydrate was assayed by the anthrone method, with glucose as a standard (2) . Cells washed in 0.9% NaCl were dried at 105°C for 2 h and weighed in aluminum pans. The weight of NaCl was subtracted. The isolates were characterized by standard taxonomic tests (33) . The method of G+C analysis was previously described (20) .
RESULTS
Enrichments. When mixed ruminal bacteria were inoculated into medium containing 15 g of Trypticase per liter as the only carbon and energy source, growth was observed at dilutions as high as 10-8. These enrichments contained cells with five distinct morphologies: crescent shaped, long slim rods, short rods, irregularly shaped rods, and cocci. The crescent-shaped organisms and the long slim rods produced less than 3 mM ammonia after 24 (5 ,uM) . No spores were observed, and the G+C content was 37.3%.
Arginine, serine, lysine, and glutamine (15 g/liter) were rapidly deaminated at rates of 425, 351, 271, and 158 nmol/ mg of protein per min, respectively, and high-pressure liquid chromatography and gas-liquid chromatography indicated the following products: (Fig. 2a) . Cocultures with JB1 produced 24 mM ammonia, but no increase in ammonia production was observed with HD4 (data not shown).
Strain F. Irregularly shaped cells (Fig. lb) were obtained from small, circular, convex, grey, shiny, translucent colonies. Strain F had a maximum specific growth rate of 0.22 h-1 when Trypticase was the energy source, and the growth rate was even higher (0.43 h-1) when Casamino Acids were provided. Final optical densities (24 h) with Trypticase and Casamino Acids were 0.5 and 1. (Fig.  3a) or B. ruminicola B14 (Fig. 3b) , there was a more than additive increase in ammonia production. No synergism was noted between strain F and Selenomonas ruminantium HD4 (data not shown). Strain F produced little ammonia from gelatin hydrolysate (Fig. 2b) (Fig. 4) ruminal ammonia production (4). However, these bacteria grew slowly, if at all, with peptides or amino acids as the sole energy source, had lower specific activities of ammonia production than mixed cultures did (15) , and were resistant to ionophores (10) , which decreased ammonia production in vivo (24) . Bladen et al. (4) indicated that B. ruminicola was the most important ammonia-producing species in the rumen, but this species produced little ammonia when carbohydrate was available (25) . In contrast, 34% of the ammonia production by mixed cultures was insensitive to the availability of carbohydrates (29) . The isolation of monensinsensitive, non-carbohydrate-fermenting ruminal bacteria with high specific activities of ammonia production clarified these once ambiguous and sometimes contradictory observations.
A recently isolated ruminal peptostreptococcus (Fig. lc) grew rapidly with peptides or amino acids as the sole energy source, but only leucine, serine, phenylalanine, threonine, and glutamine were deaminated rapidly (9) . Strains F and SR also grew rapidly on amino acid sources, and they fermented different groups of amino acids. None of these monensinsensitive isolates was proteolytic, but there are abundant proteolytic bacteria in the rumen which are able to produce peptides and amino acids (35) .
Strain SR grew faster on Trypticase than on Casamino Acids, and this result suggested that short peptides were transported faster than amino acids were. However, if gelatin hydrolysate, an amino acid source containing large peptides, was provided, little ammonia production was observed (Fig. 2a) . Since cocultures of SR and peptidaseproducing ruminal bacteria produced much more ammonia, it appeared that strain SR was unable to hydrolyze long peptides extracellularly.
Strain F produced more ammonia from Casamino Acids than from Trypticase, but if it was cocultured with peptidase-producing ruminal bacteria, ammonia production from Trypticase was also great (Fig. 3) . These results indicated that strain F had very limited capacity to transport peptides or hydrolyze them extracellularly. Gelatin hydrolysate (Fig.  2b) never yielded as much ammonia as did Casamino Acids (pure or coculture), but the lack of ammonia could be explained by a deficiency of histidine, glutamate, glutamine, and serine, the amino acids which strain F fermented most rapidly.
Strain SR fermented threonine, but glycine rather than ammonia was the major end product. A similar pathway of glycine and acetate production was detected in Megasphaera elsdenii (18) . Most of the serine was converted to acetate, and this pathway is common in many bacteria, including clostridia (6) . Malate was an end product of serine fementation, and this product was also formed by the ruminal peptostreptococcus (9) . Strain (32) . Previous work indicated that the ruminal peptostreptococcus was sensitive to low pH in continuous culture (0.1 h-1) and that it washed out if the pH was less than 5.5 (9) . Strain F was more resistant to low pH than the ruminal peptostreptococcus was (Fig. 4) , but strain SR was extremely sensitive to even modest declines in pH. The addition of readily available carbohydrate to ruminant diets often results in decreased ruminal ammonia production, but this effect has usually been ascribed to increased ammonia utilization rather than a decrease in its production (17) . Since at least some of these ammonia-producing species were sensitive to low pH, pH may have a significant impact on amino acid deamination in vivo.
On the basis of its Gram stain, morphology, susceptibility to oxygen, fermentation products, and G+C content, strain the basis of the absence of succinate or lactate, the motility, inability to ferment carbohydrates, and fermentation products (Table 1) , strain SR did not resemble the genera Bacteroides, Leptotrichia, Fusobacterium, Butyrivibrio, Succinomonas, Selenomonas, or Lachnospira. Spores and heat stability could not be demonstrated, but these characteristics may not be sufficient to exclude strain SR fromn the genus Clostridium (7). Strain SR produced propionate, a product which is atypical of eubacteria (21) . Additional taxonomy will be needed before these species can be assigned to existing or, more probably, new species.
Strain F was present in ruminal fluid in larger numbers than SR (108 versus 107/ml), even though the pH was never less than 6.3. The success of strain F may be related to its ability to ferment glutamine and glutamate, the predominant amino acids in most feedstuff proteins. Previous enumerations indicated that the ruminal peptostreptococcus was present at 108/ml, but in these experiments the peptostreptococcus was never observed at dilutions greater than 107.
Although the new isolates accounted for at best 10% of the bacteria in vivo, it should be recognized that their capacity to produce ammonia is very great.
